The peptidoglycan cell wall is a major protective external sheath in bacteria and a key target for antibiotics 1 . Peptidoglycan is present in virtually all bacteria, suggesting that it was probably present in the last bacterial common ancestor 2 . Cell wall expansion is orchestrated by cytoskeletal proteins related to actin (MreB) and tubulin (FtsZ) 3 . FtsZ is a key essential player in a highly organized division machine that directs an invaginating annulus of cell wall peptidoglycan. The recent discovery that cell-wall-less bacteria (L-forms) can grow and divide independently of FtsZ 4,5 , provided a means of generating an ftsZ null mutant of Escherichia coli. Remarkably, we have been able to isolate variants of E. coli that lack FtsZ but are capable of efficient growth in a walled state. Genetic analysis reveals that a combination of mutations is needed for this phenotype. Importantly, the suppressive mutations lead to a major cell shape change, from the normal cylindrical shape to a branched and bulging, ramified shape, which we call 'coli-flower'. The results highlight the versatility of bacterial cells and illustrate possible evolutionary routes leading to the emergence of specialized bacteria, such as pathogenic Chlamydia or aquatic Planctomycetes, that lack FtsZ but retain the cell wall 6-8 .
. In Escherichia coli, the recovery of a walled rod-shaped morphology from a pleomorphic L-form requires only a few cell division events 10, 11 . Here, we investigate the requirement of cell division events in the recovery process using an E. coli L-form strain lacking the essential cell division ftsZ gene (Fig. 1a) . L-form strains were generated by inhibition of the cell wall precursor (Lipid II), using the antibiotic fosfomycin, in the presence of an osmotic stabilizer 5 . The unstable plasmid pftsZ + was then efficiently lost by dilution by successive streaking of L-form cells 5 . As previously observed, when wild-type E. coli L-forms are cultured in the absence of a cell wall inhibitor, but presence of an osmotic stabilizer, the cells readily resume growth and revert to the rod-shaped walled state (Fig. 1b , top panels) 5, 10, 11 . In contrast, L-forms of the ftsZdeleted strain fail to grow under these conditions (Fig. 1b , bottom left panel). Microscopic observation revealed the presence of nondividing filamentous cells in the ftsZ-deleted strain (Fig. 1b , bottom right panel), showing that the cells are capable of resuming normal rod-shaped growth in the absence of a functional division apparatus, even though they cannot sustain long-term proliferation.
Unexpectedly, after prolonged incubation of a plate bearing an ftsZ-deleted strain, several colonies appeared, presumably containing cell variants capable of growth ( Supplementary Fig. 1a ). After confirming that the colonies were variants of the original strain rather than contaminants, we tested their properties and found that they were of two general classes. The first class had resumed growth as L-forms, presumably by acquiring mutations that block cell wall synthesis, and these were not studied further. The second class of mutants (CFL; coli-flower), however, appeared to comprise walled cells, and several lines of evidence suggested that these were mutants capable of walled growth in the absence of FtsZ. First, unlike L-forms, the CFL mutants were able to grow in either the absence or the presence of osmotic stabilizers ( Supplementary  Fig. 1b ,c, right and left panels), although additional magnesium was needed to stabilize the CFL cells ( Supplementary Fig. 1b ,c, middle and right panels, Supplementary Fig. 1e ,f and Supplementary Movie 1). Second, the CFL mutants grew in liquid media ( Supplementary Fig. 1d) , whereas E. coli L-forms are unable to proliferate under these conditions 5 . Finally and in contrast to L-forms, the CFL mutant strains were highly sensitive to β-lactam antibiotics ( Fig. 1c and Supplementary Fig. 1g ).
In previous reports of experiments with FtsZ impaired strains, the cells were shown to continue to elongate normally for a few generation times, forming filamentous cells with approximately normal diameter (Fig. 1b, bottom right panel) , but eventually all the filaments lysed, with no long-term survivors 12 . However, the CFL mutant cells turned out not to be filamentous, but instead had a bulging, branching and highly heterogeneous morphology, which we call 'coli-flower' (Fig. 1d) . Typically, the cells tend to have several peripheral spherical areas, of differing size, connected to a central branched zone, which sometimes has a more or less cylindrical shape but with varying width. Interestingly, given the diversity of cell morphologies, DNA staining revealed a relatively homogeneous distribution of chromosomal DNA in the cell, both in the branching and spherical areas ( Supplementary  Fig. 2 ). Remarkably, reintroduction of the ftsZ gene into a CFL mutant strain was sufficient to restore a relatively normal rodshaped cell morphology ( Fig. 1e and Supplementary Fig. 3a-d) , indicating that none of the putative ftsZ-suppressing mutations are required to maintain the wild-type cell shape. Batch cultures of the CFL mutants showed a biphasic growth pattern, with a mass doubling time of about 60 min in the exponential phase ( Fig. 1f and Supplementary Fig. 4e ), similar to isogenic FtsZ + strains ( Fig. 1f and Supplementary Fig. 4d ). Moreover, measurement of the viable cell count (colony forming units, c.f.u.) revealed that the cells are capable of reasonably efficient proliferation (Fig. 1g) .
Time-lapse imaging was used to elucidate the formation of 'coli-flower'-like cells and how they divide. In the examples shown (Fig. 2a-c and Supplementary Movies 2-5) a more or less round cell expanded in two main directions to generate two new spherical areas connected by a newly formed branch (Fig. 2a, 17 -85 min, and Supplementary Movie 1). Further blebs emerged from the original branch zone, leading in turn to the formation of additional newly branched spherical areas (Fig. 2a, Whole genome sequencing of three independent ftsZ-less CFL mutant strains revealed the presence of multiple differences to the parental strain (Supplementary Table 1 ). These mutations seemed to be of three main classes. First, all of the mutants had an inactivating mutation in either the gene (mrcB) for the bi-functional penicillin binding protein 1B (PBP1B) or for its essential extracellular regulator LpoB 13, 14 . PBP1B is partially redundant with PBP1A and is thought to be mainly concerned with cell wall synthesis during division 14, 15 . Second, two of the mutants had (different) mutations in the gene lpp, which encodes the major lipoprotein Lpp (Braun's lipoprotein), which physically connects the outer membrane to the peptidoglycan 16 . One of these mutations encodes the deletion of the last four amino acids of Lpp, including the lysine that is essential for its attachment to the peptidoglycan (Supplementary Table 1 ). Third, all three mutants had diverse mutations affecting the synthesis of various extracellular polysaccharides: lipopolysaccharide, the Enterobacterial common antigen or colanic acid (Supplementary Table 1) .
To test which of these mutations were needed for the switch to the CFL mode of growth, we carried out genetic reconstruction , after reintroduction of plasmid pOU82-ftsZ. f, Growth profile of strain ΔftsZsup5, in the presence (blue) or absence (red) of plasmid pOU82-ftsZ, in NB with Mg 2+ (mean ± s.e.m., n = 3). Solid and dashed lines represent the fit of exponential and stationary phases, respectively. The mass doubling time calculated for strain ΔftsZsup5 is about 60 min in the presence and absence of FtsZ. g, Colony-forming units of strain ΔftsZsup5, grown in the presence (blue) or absence (red) of plasmid pOU82-ftsZ, corresponding to the growth profile from f (mean ± s.e.m., n = 3 experiments in which null mutations in the various genes were introduced into a ΔftsZ strain carrying plasmid pOU82-ftsZ + , which enables normal growth and division in the walled state. The cells were further engineered so that this plasmid could be eliminated by the addition of isopropyl-β-D-thiogalactoside (IPTG; see Methods). As a control, IPTG was added to one of the original ftsZ-less walled mutant strains (ΔftsZsup5, bearing mrcB and lpp mutations) carrying the plasmid pOU82-ftsZ. The strain readily lost the plasmid (which carries a lacZ reporter gene), as shown by the emergence of white colonies on X-gal plates (Lac − ; Fig. 3a) . Additionally, loss of the plasmid-borne ftsZ gene was confirmed by multiplex PCR (Supplementary Fig. 4a, line 1) . In contrast, reconstructed strains bearing ΔftsZ and either ΔlpoB or Δlpp showed prolonged retention of the ftsZ plasmid, as evidenced by the presence of only light blue colonies and as subsequently confirmed by multiplex PCR (Fig. 3a , ΔftsZ/Δlpp and ΔftsZ/ΔlpoB; Supplementary Fig. 4a, lanes 2 and 3) . Phase contrast microscopy revealed that depletion of ftsZ in either ΔlpoB or Δlpp mutants led to the formation of filamentous cells but not CFL-like cells (Fig. 3a, lower central panels) . In contrast, a strain bearing both Δlpp and ΔlpoB deletions readily lost the plasmid (Fig. 3a , ΔftsZ/Δlpp/ΔlpoB; Supplementary Fig. 4a lane 4) , although surprisingly it is retained in a strain bearing both Δlpp and ΔmrcB (Supplementary Section 1 and Fig. 4b ). Examination of its morphology revealed a CFL phenotype similar to that of the original suppressed ftsZ strains (Fig. 3a , compare lower left and right panels), thus revealing that combined disruption of the lpoB and lpp genes is sufficient to enable walled cells to tolerate loss of ftsZ by switching into the CFL mode of proliferation. However, secondary mutations frequently arise that then enable more robust growth (Supplementary Section 2 and Fig. 4c,d) . Furthermore, this effect was specific for the lpoB/PBP1B pathway because in reconstructed strains containing ΔftsZ Δlpp and deletions in the related lpoA/PBP1A pathway 15 loss of the ftsZ plasmid was not permitted (Supplementary Fig. 4b ).
In the above reconstruction experiments it is important to note that the switch to the CFL state occurred in walled cells without going through an L-form intermediate. We also tested the genetic requirements for CFL growth starting from the L-form ΔftsZ state. In accordance with the above results, when L-forms bearing ΔftsZ and either ΔlpoB or ΔmrcB (PBP1B) were streaked in the absence of a cell wall inhibitor (that is, no phosphomycin), but presence of an osmotic stabilizer, colonies appeared with high efficiency (Fig. 3b) , suggesting an efficient conversion to the CFL state, as confirmed by their ability to further proliferate in the absence of an osmotic stabilizer ( Supplementary Fig. 4f ). In contrast, virtually no colonies appeared from L-forms bearing ΔftsZ only or ΔftsZ and either ΔlpoA or ΔmrcA (Fig. 3b) . The strain bearing ΔftsZ and Δlpp gave an intermediate result, suggesting that, unlike lpoB/mrcB, mutation of lpp is not sufficient to enable an efficient L-form to CFL transition and that perhaps the acquisition of a secondary mutation is required (Fig. 3b) .
To further investigate the role of these mutations (that is, lpoB, lpp and colanic acid: wcaJ) in CFL growth, we introduced plasmids bearing arabinose-inducible lpoB, mrcB, lpp or wcaJ genes into either one of the spontaneously selected mutants (ΔftsZsup5, bearing mrcB, lpp and wcaJ mutations) or into the reconstructed strain containing deletions in ftsZ, lpp and lpoB (ΔftsZ/Δlpp/ΔlpoB sup ). Addition of the inducer, arabinose, had no major effect on growth or morphology for strains carrying inducible wcaJ or lpp genes (Supplementary Section 3 and Fig. 5 ). However, induction of lpoB in the strain ΔftsZ/Δlpp/ΔlpoB sup , and mrcB in the strain ΔftsZsup5, abolished growth ( Fig. 4a, +lpoB; Fig. 4c, +mrcB) . (Expression of lpoB in an isogenic ftsZ + strain had no effect; Supplementary Fig. 6a .) Phase-contrast and time-lapse imaging of cells in the absence of inducer revealed the expected branching and bulging pattern of growth ( Supplementary Fig. 6b and Supplementary Movie 6). However, the lpoB or mrcB induced cells behaved in a strikingly different manner, reverting slowly to a rod-shaped morphology and then forming elongated filamentous cells that did not divide (Fig. 4b,d ,e and Supplementary Movie 7), similar to an ftsZ-depleted, but otherwise wild-type strain. Thus, our results show that loss of PBP1B synthesis or activity is required for the CFL mode of cell growth, but that lpp or wcaJ lesions are less important or not required at all. Additionally, we also showed that the cell wall elongation system (that is, MreB, PBP2) is required for CFL growth (Supplementary Section 4 and Supplementary Fig. 7 ).
To our knowledge, this is the first report of the growth and viability of a walled E. coli ftsZ null mutant, after 35 or so years of study. It seems likely that several laboratories will have had the need or opportunity to attempt to generate such mutants, but because effective suppression in the walled state requires two or more , tetracycline, IPTG and Xgal. Loss of the plasmid was assessed by multiplex colony PCR using white colonies of ΔftsZsup5 and ΔftsZ/Δlpp/ΔlpoB strains or light blue colonies (no white colonies were visible) of ΔftsZ/ΔlpoB and ΔftsZ/Δlpp strains ( Supplementary Fig 4a) . Bottom: cell morphologies of the different white (ΔftsZsup5 and ΔftsZ/Δlpp/ΔlpoB) or light blue (ΔftsZ/ΔlpoB and ΔftsZ/Δlpp) colonies from the corresponding top panels. b, Cell wall reversion of E. coli L-form strains RM349 (ΔftsZ), RM411 (ΔftsZ/ΔlpoB), RM451 (ΔftsZ/ΔmrcB), RM413 (ΔftsZ/Δlpp), RM453 (ΔftsZ/ΔlpoA) and RM452 (ΔftsZ/ΔmrcA) lacking pOU82-ftsZ, following removal of the peptidoglycan precursor synthesis inhibitor fosfomycin. Cells were cultured on L-form-supporting medium (NA + MSM) plates. Scale bars, 3 µm. Images are representative of at least two independent experiments. independent mutations, the frequency at which viable mutants would occur would normally be extremely low. Our ability to isolate such a mutant emerged by studying L-form (cell wall-free) bacteria, which use a Z-ring-independent means of proliferation 4, 5 . This work further illustrates the power of the L-form system for studying the fundamental processes of cell wall synthesis and cell division.
We have also not been able to find previous reports of the strange CFL cell morphology. The dramatic morphological transition requires inactivation of both FtsZ and PBP1B. The lethality that occurs when lpoB or mrcB is reactivated in CFL strains (Fig. 4) appears to be associated with reversion to a more regular rod-shaped morphology. We suppose that the relatively constant cell diameter associated with rod-shaped growth is incompatible with the ability of ftsZ-deficient cells to divide. Indeed, CFL cells seem to undergo division at deeply pinched sites either in narrow tubes or at the junctions between bulbous cell structures. If so, the role of the PBP1B lesion would be to block the cylindrical extending mode of cell growth and/or enable the bulging, branching mode of growth. The efficiency of CFL growth and transition into this state seems to be sensitive to the presence of a range of additional mutations, including lpp and various extracellular polymers. Further work will be needed to dissect the individual contributions of these factors.
Although lacking the normal cell division machinery, these E. coli ftsZ-less mutants divide efficiently (Fig. 1f,g ), suggesting the existence of an effective mode of cell-cell separation, even in the absence of ftsZ. The vast majority of known bacteria seem to rely on the FtsZ-based division machinery for proliferation and, usually, for viability. However, there are striking examples among both pathogens (for example, Chlamydia) and free-living bacteria (for example, Planctomyces) that have dispensed with FtsZ. Phylogenetic trees strongly suggest that these organisms are descended from bacteria that once possessed FtsZ. Our results demonstrate that only one or two mutations are needed to enable a dramatic evolutionary switch from dependence to independence of the Z-ring machine and highlight the extraordinary evolutionary adaptability of the bacteria.
Methods
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmid constructs used in this study are shown in Supplementary Table 3 . DNA manipulations, E. coli DH5α transformation and P1 phage transduction were carried out using standard methods 17 . Briefly, the plasmid pOU82-Cm-ftsZ was constructed by insertion, using the Lambda Red recombinase system 18 , of the chloramphenicol cassette from pKD3 into pOU82-Amp-ftsZ. The plasmids pBAD33-lpp, pBAD33-wcaJ and pBAD33-mrcB were constructed by insertion of the coding sequences of the lpp, wcaJ and mrcB genes into pBAD33 digested with the restriction enzymes KpnI and HindIII or XbaI. The plasmid pBAD24-lpp was constructed by insertion of the coding sequence of the lpp into pBAD24 digested with the restriction enzymes EcoRI and HindIII. E. coli L-forms were prepared and grown as previously described 5 , in osmoprotective medium composed of 2× MSM medium pH 7 (40 mM MgCl 2 , 1 M sucrose and 40 mM maleic acid) mixed 1:1 with 2× NBA (nutrient broth with 2% agar; Oxoid) in the presence of fosfomycin (FOS) at 0.4 mg ml -1 . E. coli CFL mutant strains were first selected on MSM/NBA and then further cultured on nutrient broth (NB, Oxoid) or nutrient broth 1% agar in the presence of 20 mM MgCl 2 . Unless specified, the various E. coli strains were incubated at 30°C. When necessary, antibiotics and supplements were added to media at the following concentrations: ampicillin, 10 or 100 µg ml ; A22 (Sigma), 10 µg ml -1 ; chloramphenicol, 25 µg ml -1 ; kanamycin, 25 µg ml -1 ; tetracycline, 10 µg ml -1 ; spectinomycin, 50 µg ml ; X-gal, 4%.
Plasmid pOU82-ftsZ loss assay. E. coli strains bearing the plasmid pOU82-ftsZ were transformed with the plasmid pKG339 (ref. 19 ) and plated on NA with tetracycline at 30°C for 3 days. Strains carrying both plasmids were streaked on NA plates with 20 mM Mg 2+ , tetracycline, IPTG and X-gal and incubated at 30°C for 3-4 days. White colonies were streaked on NA plates with 20 mM Mg 2+ and X-gal.
Transformation of E. coli ftsZ-less strains. A volume of 1 ml of an E. coli CFL strain overnight culture was suspended in 200 µl TSB containing 20% glycerol, 10% PEG (M w = 3,350), 5% DMSO, 10 mM MgCl 2 , 10 mM MgSO 4 in NB. The plasmid of interest was added and the mixture was incubated on ice for 30 min. After heat shock at 37°C for 5 min, 1 ml of NB with 20 mM MgCl 2 was added, and the sample was incubated for 30 min at 30°C. The sample was plated out on NB 1% agar supplemented with 20 mM MgCl 2 , the appropriate antibiotic and incubated at 30°C.
Multiplex PCR. Multiplex PCR was performed as described previously 5 . Briefly, E. coli genomic DNA was purified using a standard phenol-chloroform extraction protocol. The primers were designed using MPprimer software 20 and the recommended procedure was used for the PCR reaction.
Genome sequencing and identification of single nucleotide polymorphisms (SNPs). Whole genome sequencing was performed with the Illumina HiSeq 2000 System (GATC-Biotech). Sequencing samples were prepared using a standard chloroform/phenol extraction procedure. Sequence reads were aligned with CLC Workbench (CLC Bio-Qiagen) software using the NCBI E. coli MG1655 genome (GenBank: U00096.3) as a reference. SNPs and deletion/insertion were also analysed with the CLC Workbench software.
Microscopy and image analysis. For snapshot and time-lapse microscopy, exponentially growing cultures of the different CFL walled strains were mounted and sealed on microscope slides covered with a thin film of 1% agarose, in NB containing 20 mM magnesium. Antibiotics, 4,6-diamidino-2-phenylindole and arabinose were added in the agar pad, as necessary. The cells were imaged for snapshot microscopy on a Zeiss Axiovert 200M (Zeiss ×100 Plan-Neofluar oil immersion objective) microscope and for time-lapse microscopy on a Nikon Eclipse Ti inverted microscope (Nikon ×100 Plan Fluor oil immersion objective) housed within a temperature-controlled chamber maintained at 30°C. Images were acquired with Metamorph 6 (Molecular Devices). Pictures and movies were prepared for publication using ImageJ (http://rsb.info.nih.gov/ij) and Adobe Photoshop.
